A high-resolution x-ray crystallographic investigation of the complex between carboxypeptidase A (CPA; peptidyl-L-amino-acid hydrolase, EC 3.4.17.1) and the slowly hydrolyzed substrate glycyl-L-tyrosine was done at -9°C. Although this enzyme-substrate complex has been the subject of earlier crystallographic investigation, a higher resolution electron-density map of the complex with greater occupancy of the substrate was desired. All crystal chemistry (i.e., crystal soaking and x-ray data collection) was performed on a diffractometer-mounted flow cell, in which the crystal was immobilized. The x-ray data to 1.6-A resolution have yielded a well-resolved structure in which the zinc ion of the active site is five-coordinate: three enzyme residues (glutamate-72, histidine-69, and histidine-196) and the carbonyl oxygen and amino terminus of glycyl-L-tyrosine complete the coordination polyhedron of the metal. These results confirm that this substrate may be bound in a nonproductive manner, because the hydrolytically important zinc-bound water has been displaced and excluded from the active site. It is likely that all dipeptide substrates of carboxypeptidase A that carry an unprotected amino terminus are poor substrates because of such favorable bidentate coordination to the metal ion of the active site.
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The zinc metalloenzyme carboxypeptidase Aa (CPA; peptidyl-L-amino-acid hydrolase, EC 3.4.17.1) is an exopeptidase that exhibits preferred specificity toward peptides or esters bearing large hydrophobic carboxyl-terminal residues such as phenylalanine. The proteolytic and esterolytic mechanism(s) of this protease have been the subject of a wealth of chemical and structural study that has been recently reviewed (1) (2) (3) (4) . Two possible hydrolytic mechanisms include the attack of water/incipient hydroxide directly at the scissile carbonyl carbon of the substrate, promoted by glutamate-270 and/or zinc, or the attack of the y-carboxylate of glutamate-270 at the scissile carbonyl carbon, with subsequent formation of a mixed anhydride intermediate, which then undergoes hydrolysis to yield products. Either the zinc ion of the active site or the positively charged guanidinium moiety of arginine-127, or both, may serve to polarize the substrate carbonyl prior to its attack (regardless of the general mechanism). Mechanistic analyses have beenaided in part by structural studies of the native enzyme (5) (6) (7) and its complexes with different inhibitors (8) (9) (10) (11) (12) (13) (14) (15) , including the slowly hydrolyzed (16) substrate glycyl-L-tyrosine (GY; Fig. 1 ) (6, 7) , which is a competitive inhibitor of more rapidly cleaved substrates. Such nonacylated dipeptides are typically cleaved more slowly by a factor of 1000-5000 than their acylated analogues (17) . The principal features of the most recent (6) structural study of the CPA-GY complex at 2.0-A resolution (using x-ray data collected at 4°C) were that its carbonyl oxygen coordinated to zinc at a position different This compound is a competitive inhibitor of more rapidly cleaved substrates; although it is depicted as the neutral zwitterion, both chemical studies and the results of the current crystallographic investigation suggest that it binds to carboxypeptidase A as the anion-i.e., with the terminal amino group in the free base form.
from that of the native zinc-bound water/hydroxide and that the terminal amino group statistically occupied two positions: (i) coordinated to zinc (as the free base), and (ii) hydrogenbonded to glutamate-270 (possibly as a quaternary ammonium cation). The terminal carboxylate formed a salt link with arginine-145, and tyrosine-248 was in the "down" conformation, presumably donating a hydrogen bond to one of the terminal carboxylate oxygens.
The current high-resolution x-ray crystallographic investigation of the CPA-GY complex was performed at subzero temperature in order to further retard the slow enzymecatalyzed hydrolysis reaction in the crystal. An aqueousorganic cryosolvent buffer system was used in order to allow for subzero temperatures at the crystal. Because the crystal form of CPA used in this study exhibits one-third the activity ofthe enzyme in solution (18) , a diffractometer-mounted flow cell assembly was used to provide a continuous, fresh supply of GY to the enzyme crystal, in case appreciable amounts of GY could be cleaved and released by the enzyme over the time span of crystallographic data collection. X-ray data collected at -90C to 1.6-A resolution conclusively reveal the structure of an intact enzyme-substrate complex. After the system was equilibrated at -250C, intensity data were collected from one crystal to a resolution of 2.0 A and processed as described (12) . Data collection was performed on a Syntex (Nicolet) P21 four-circle automated diffractometer using procedures described elsewhere (12 Fig. 4 . The observed planarity of the difference electron density of the glycine and the amide linkage support this conclusion-if any zinc-bound Me2SO or water remained at appreciable occupancy, the difference density of this portion of the substrate would be punctuated by "bumps" rather than appearing consistent and flat. The coordination position of Me2SO is different from that of GY; indeed, the two carbon atoms and the sulfur atom of Me2SO would lie outside the electron density outlining the substrate in Fig. 4 
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A). It appears that it is solely the amino
nitrogen that is responsible for displacing the formerly zinc-bound solvent molecule; i.e., the coordination position of the carbonyl oxygen would not require the displacement of the zinc-bound water of the native enzyme. The current results differ somewhat from those observed in the lowerresolution study (6) , where the amino terminus appeared to be disordered between zinc coordination and hydrogen bonding to glutamate-270; its position is now better defined given the higher resolution and greater occupancy (60% versus 30%) of the bound GY molecule. Additionally, the zinc ion is observed to move about 0.3 A in the direction toward arginine-127. Such movement of the metal ion upon its interaction with enzyme-bound inhibitors has been discussed (15) . A stereoview of the CPA-GY complex is presented in Fig. 5 .
It is not surprising to find that the amino terminus of the bound dipeptide is not observed to exist as a quaternary ammonium cation; given all the other strong binding interactions between CPA and GY, the amino terminus finds itself in the very electropositive environment of the zinc ion and nearby arginine-127. Although arginine-127 is not observed to hydrogen-bond to the bound substrate, its close proximity to the bound substrate would certainly favor the free base form of the amino terminus by electrostatic considerations. Additionally, Yanari and Mitz (27) the CPA-GY complex, it is likely that the binding mode observed for GY in this enzyme-substrate complex represents a nonproductive-i.e., catalytically inactive-state.
Other binding interactions observed are typical of those found in CPA-inhibitor complexes (8) (9) (10) (11) (12) (13) (14) (15) : the hydroxybenzyl group of tyrosine resides in the hydrophobic pocket, or specificity pocket, of the Sj' subsite, and the terminal carboxylate is salt linked with the guanidinium moiety of arginine-145. The phenolic residue of tyrosine-248 is in the "down" conformation, and its phenolic oxygen is 2.8 A away from one of the terminal carboxylate oxygens of GY. This interaction clearly favors the un-ionized state oftyrosine-248. The substrate lies in a slightly different position from that determined in the previous low-resolution study (6) ; an rms difference in GY atomic positions was calculated to be 0.6 A between the prior unrefined coordinates and those obtained from the current model refined at high resolution. Arginine-127, although having moved toward the bound substrate relative to its position in the native enzyme, is not within hydrogen-bonding distance to the substrate carbonyl oxy en (the distance to the nearest guanidinium nitrogen is 4.3 A). This residue is observed to hydrogen-bond to the GY carbonyl in its complex with the apoenzyme (29) , as well as hydrogen-bond to the carbonyl of a substrate analogue in a recent x-ray crystallographic study (13) . Finally, the ycarboxylate of glutamate-270 is within hydrogen-bonding distance to the amide nitrogen of the peptide linkage, a feature that supports proposals involving glutamate-270 as a proton donor (12, 30) . Selected distances of enzyme-substrate interactions are recorded in Table 1 .
A role for the positively charged guanidinium moieties of the three arginine residues lining the active site cleft of CPA has been proposed (31, 32) in view of the precatalytic association mechanism of substrate with enzyme. More The assignment ofthe catalytically responsible nucleophile is a task more difficult than that of assigning the identities to active site electrophiles. Glutamate-270 has been proposed (7) to attack the scissile carbonyl of the substrate, with subsequent formation of a covalent mixed anhydride intermediate, which then undergoes hydrolysis to yield products. This mechanistic proposal is supported, in part, by the observation of a five-coordinate metal ion in low-temperature electron paramagnetic resonance spectroscopic experiments with Co-CPA (28) . The five metal ligands were presumed to be glutamate-72, histidine-69, histidine-196, a zinc-bound hydroxide, and a carbonyl of an anhydride intermediate. However, such five-coordination is also structurally consistent with intermediates encountered in other mechanistic pathways. If a promoted-water mechanism were followed, a five-coordinate metal complex would result if the tetrahedral intermediate were to become chelated in bidentate fashion to the metal ion. A structural model of such a possibility is illustrated in the complex of CPA with a hydrated aldehyde inhibitor (12) , where both oxygens ofthe tetrahedral gem-diol moiety straddle the zinc ion. Furthermore, a zinc-promoted water would be a much more potent nucleophile than would a carboxylate-promoted water. Glutamate-270, i.e., the carboxylate, may play an important role in this case as the mediator of proton transfer to the leaving group of the collapsing tetrahedral intermediate. As such, glutamate-270 may act in concert with the zinc ion in the promotion of the hydrolytically important zinc-bound water/hydroxide. The resultant tetrahedral intermediate would be exceptionally stabilized if it were coordinated in bidentate fashion to the metal ion, and even more so if the positively charged guanidinium moiety of arginine-127 were to participate in the stabilization mechanism. Low-temperature studies will help to elucidate the structure of the putative five-coordinate intermediate of CPA-catalyzed esterolytic, and quite possibly proteolytic, reactions.
